In Brief
Liu et al. image, perturb, and analyze a serotonin-modulated circuit in the Drosophila brain that regulates sleep architecture without affecting the amount of sleep. Dysregulation of this circuit impairs cognitive function.
INTRODUCTION
Sleep has a regular daily structure. In both humans and Drosophila, nighttime sleep occurs in long consolidated bouts, while daytime sleep is much more fragmented [1, 2] . For diurnal animals, long periods of consolidated sleep at night facilitate progression into the deep sleep stages that are associated with positive health and cognitive benefits. Conversely, fragmentation of sleep during the daytime active period may reflect maintaining a higher arousal state. Sleep fragmentation is also a hallmark of sleep-maintenance insomnia but can occur without changes in the amount of sleep in a number of neurological conditions. In humans, normal aging and disorders such as obstructive sleep apnea, restless leg syndrome, narcolepsy, and chronic pain [3] are associated with altered sleep architecture. Fragmentation decreases sleep quality and is associated with learning and memory deficits, attention deficit, hypertension, and diabetes [4] , even when total sleep time is not significantly decreased [3, 5] . Sleep structure therefore has importance that is independent of the total amount of sleep, and understanding its regulation will be critical to our understanding of the functions of sleep.
One candidate modulator of human sleep structure is serotonin (5-phydroxytryptamine, 5HT). Drugs that increase serotonergic signaling are widely used to treat a variety of conditions, including mood disorders, and their use is closely associated with sleep fragmentation [6, 7] . 5HT has been known to be involved in regulation of sleep for many years, but how and where it acts is complex. In vertebrates, some evidence suggests that 5HT functions in sleep induction and maintenance [8, 9] , but other evidence suggests a role in promotion of wakefulness [10] . Most recent work recognizes the complexity and context dependence of 5HT action [11] , but an understanding of how it regulates the structure of sleep remains elusive.
Drosophila melanogaster has been used to study sleep for almost two decades [12, 13] . Strong conservation of molecular processes across phyla, coupled with the more genetically tractable and smaller CNS of Drosophila, makes it a powerful system for uncovering basic mechanisms of brain function. A role for 5HT in promoting sleep has been demonstrated using mutants lacking tryptophan hydroxylase (Trh; the rate-limiting synthetic enzyme) and mutants for the 5HT1a and 5HT2b receptors [14, 15] . 5HT has also been implicated in other forms of quiescence and behavioral suppression and appears to achieve this suite of effects via independent modulation multiple brain loci [16] .
In the present study, we show that the sleep/wake structure is regulated independently of the amount of sleep by a 5HT-modulated neural circuit in the ellipsoid body (EB), a prominent brain structure of the central complex, which mediates sensory integration and motor coordination (for review, see [17] ). Activation of two anatomically distinct sets of EB neurons results in a similar fragmentation pattern with no change in total sleep. Functional connectivity between these two sets of EB neurons suggests they form an interactive loop that responds to external inputs to sculpt sleep structure. Inappropriate activation of this circuit by increasing the activity of serotonergic inputs generates sleep fragmentation and a learning deficit. Together, our data suggest that sleep structure is regulated separately from the amount of sleep and that this regulation is required for normal cognitive function.
RESULTS

Serotonergic Neurons Control Sleep Structure
To examine the role of 5HT in regulation of sleep structure in Drosophila, we targeted expression of warmth-activated dTrpA1 [18] and light-gated Chrimson [19] channels to a subset of 5HT + neurons using Trh-GAL4 (Trh-GAL4(III), [20] (see Figures 1B, 1I , 1J, S1L, and S1M) but not in downstream circuit element lines ( Figures S5F, S5H , S6F, and S6H), suggesting that it may be a dominant light-interaction phenotype from upstream of the fragmentation circuit. Interestingly, there was a consistent and effector-independent increase in the amount of sleep at the beginning of the day after cessation of both dTrpA1 and Chrimson activation compared to controls ( Figures 1G-1J ), suggesting that homeostatic mechanisms may be engaged by ''low-quality'' sleep even when total sleep is unchanged (dTrpA1) or increased (Chrimson). A second, independent Trh-GAL4 line produced the same fragmentation and rebound sleep phenotypes with both dTrpA1 and Chrimson (Trh-GAL4 (II); Figure S1 ). To explore the effects of activation of this subset of serotonergic neurons on sleep structure, we examined the distribution of sleep episode durations over the course of the day dTrpA1 activation of serotonergic neurons robustly decreased episode length, which is visualized by the shift of the cumulative distribution of the experimental population to the left (middle panel of Figure 2A for daytime, Figure S2 for night and Chrimson activation). Long sleep episodes, which occur almost exclusively during the nighttime, may reflect a behaviorally important deep sleep state [22] . Since an episode length of 200 min reflected the midpoint of the distribution, we looked at changes using this cutoff as a threshold for ''long'' episodes. Activation significantly reduced the ratio of long episodes in both the day and night ( Figure 2D ). Importantly, this was the result of fewer flies exhibiting long episodes ( Figure 2E ), suggesting the population data reflect the state of the majority of the animals rather than arising from the behavior of a few outliers. Similar results were obtained using thresholds <200 min (Tables S1 and S2).
The changes in sleep structure we see with activation of this subset of serotonergic neurons reflect changes in the probabilistic processes underlying sleep. The probability of transitioning from a sleep to an awake state, P(wake), and the probability of falling asleep from a wake state, P(doze), can be approximated using power law distributions, suggesting that they are history dependent and consistent with sleep being a multi-stage process [2, 23] . P(wake) can be thought of as arousal and P(doze) as sleep drive. In wild-type flies, P(wake) is the major determinant of total sleep time and is increased by elevated dopaminergic tone [2] . Calculation of these metrics during and after activation of serotonergic neurons shows that during activation there are significant increases in P(doze), leading to more transitions between wake and sleep, but no alteration in P(wake) (Figures 2B , 2C, S1, and S2). After release from activation, there is a significant decrease in arousal, or P(wake), during the recovery day that is associated with an increase in total sleep (Figures 1H, 1J, and S1). These analyses show that activation of these neurons alters the state-dependent transitions that define the structure of sleep and wake and imply that a decrease in arousal is a homeostatic response to fragmentation.
While artificial activation of a neuron can reveal potential functions, it is important to know whether, and in what context, activation normally occurs. To determine the normal activity pattern of Trh-GAL4 + neurons in freely behaving flies, we employed Tric-LUC, a calcium sensor that drives luciferase expression in response to neuronal activity [24] . Luciferase levels peaked after lights on and then again before lights off, exhibiting generally higher activity during the day than the night (Figures 2F, 2G, and S1O); this may reflect synchronization with circadian-driven locomotor activity [25] and is similar to the behavior of vertebrate 5HT neurons [9] . The function of the nighttime peak is unclear but given the many functions of 5HT may not be sleep related. Our data are consistent with the observation that sleep is normally more fragmented during the day than during the night [2] and with the fact that 5HT + neurons are wake-active in mammals [10] .
Sleep Fragmentation Disrupts Learning
Sleep fragmentation results in impairment of daytime function and cognitive processing in humans, mammals, and flies [26] [27] [28] [29] . In mammals, these effects can occur in the absence of sleep loss and are believed to be the result of a failure to enter deep sleep stages required for the cognitive benefits of sleep [30] . To determine whether fragmented sleep induced by increasing the activity of 5HT neurons leads to cognitive deficits, we measured associative learning in an odor-shock aversive paradigm. Activation of the Trh-GAL4 + subset of serotonergic neurons for 24 h prior to training resulted in a significant impairment in aversive learning measured immediately after training ( Figure 3A ). No learning deficit was observed when flies were trained and tested at permissive temperature ( Figure S3A ).
To ask whether this learning deficit was due to changes in sleep structure, we consolidated sleep with gaboxadol (THIP), a GABA A agonist that promotes sleep in Drosophila [31] and specifically increases deep non-rapid eye movement (REM) sleep in humans and rats [32, 33] . Feeding of 0.1 mg/mL THIP during activation of 5HT neurons across all genotypes significantly increased daytime sleep but did not increase nighttime sleep, likely due to a ceiling effect ( Figure 3B ). Locomotor activity during wake periods was not decreased (data not shown), indicating enhancement of sleep by the drug, rather than sedation. The number of sleep episodes was rescued to the level of control flies by the drug (Figure 3B , cf. orange-striped bars to gray-striped bars) indicating that this drug has effects on sleep structure as well as amount. Treatment of flies with 0.1 mg/mL THIP during activation of Trh-GAL4 + neurons completely rescued post-activation learning deficit ( Figure 3C ). Importantly, control flies receiving THIP the day before training did not show any apparent enhancement of learning, implying that the improvement in learning resulted from rescue of fragmented sleep rather than a direct effect of the drug or the change in total sleep. Similar results were obtained with genetic rescue of 5HT-induced 
Serotonergic Signaling to the EB Regulates Sleep Structure via 5HT7
To determine the cellular mechanisms controlling sleep structure, we needed to determine the targets of Trh-GAL4 + neurons and the 5HT receptor subtype they contained. Previous work using 5HT receptor mutants had shown that signaling via 5HT2b in a subset of FB neurons and 5HT1a in the mushroom body (MB, a learning center that also regulates sleep) is important for normal amounts of sleep [14, 15] . Serotonergic innervation of MB comes from dorsal paired medial neurons [35] that, when activated with dTrpA1, strongly increase total sleep [36] . Likewise, FB neurons promote sleep [15, 34, 37] . Because we saw no change in the amount of sleep compared to controls when we activated the Trh-GAL4 + neurons using dTrpA1, we suspected that 5HT regulation of sleep architecture involved a different 5HTR and likely a different brain region. To identify candidate regions and receptors, we expressed mCD8::GFP under control of Trh-GAL4 and co-stained with anti-5HT. Figure 4A shows that serotonergic neurons in this GAL4 line project to FB and ellipsoid body (EB), a region known to regulate locomotor activity in response to sensory inputs [17] but do not innervate the MB. The EB has been shown to express several 5HT receptors including 5HT7 [38, 39] , a receptor subtype implicated in mammalian sleep [11] . Expressing CD8::GFP under control of 5HT7-GAL4 and co-staining with anti-5HT revealed a colocalization of serotonergic inputs and 5HT7-GAL4 + processes (Figure 4B ; [38] ). To determine whether these neurons responded to 5HT, we expressed EPAC, a cyclic nucleotide sensor, in the cells and bath applied 5HT in the presence of tetrodotoxin (TTX). There was a dose-dependent increase in cAMP levels consistent with expression of 5HT7 in that subset of EB cells ( Figure 4C ). 5HT was also able to increase calcium levels in 5HT7-GAL4 + neurons, but only in the absence of TTX, implying that 5HT modulates the efficacy of basally active excitatory inputs to these cells rather than directly depolarizing them ( Figure S4A ).
To determine the role of 5HT7 in regulation of sleep fragmentation, we assessed the effects of loss of receptor function with Aversive Memory (2min) 
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Activation-Baseline Recovery-Baseline mutants and a specific inhibitor. Figure 4D shows data from transheterozygote Mi{MIC}5HT7 MI08096 / Mi{ET1}5HT7 MB01344 animals that have reduced 5HT7 mRNA levels ( Figure S4D ). These flies have much more consolidated sleep in both the day and the night, with only a small increase in total sleep at night. To confirm the acute role of 5HT7 receptors in regulation of sleep structure, the selective 5HT7 receptor antagonist SB258719 [38] was fed to wild-type flies. Sleep became more consolidated, with again a mild effect on total sleep that was limited to the nighttime ( Figure 4E ). The consolidation effects of reduced 5HT7R activity could not be explained by locomotor dysfunction since animals were either normal (drug) or mildly hyperlocomotor (mutant) rather than less active when awake (Figure 4E ). In aggregate, these results suggest that 5HT7 in the central complex regulates sleep and sleep structure in a manner opposite to that of 5HT1a and 5HT2b [14, 15] .
Multiple EB Neuron Populations Control Sleep Structure
Because the FB has been shown to strongly regulate the amount of sleep [15, 34, 37] and because we had implicated 5HT7, which is expressed in EB, in fragmentation, we focused our attention on EB to identify the circuitry involved in the amount-independent regulation of sleep structure. Early anatomical studies of EB described 5 subtypes of neurons, grouped according to their projections to the characteristic ''rings'' of the EB: R1, R2, R3, R4m, and R4d [40, 41] . More recent functional and anatomical studies suggest that there is substantial diversity within these subgroups [42, 43] . To begin to determine the elements involved in regulation of sleep architecture, we screened 41 EB-expressing GAL4 lines from Janelia, Vienna Drosophila Resource Center (VDRC), and other published collections for sleep fragmentation using dTrpA1 [unpublished data] and identified two lines that, when expressing dTrpA1, generated activation-dependent sleep fragmentation without changing total sleep.
The first was 5HT7-GAL4 ( Figure 5A ; Video S1), which we have shown receives serotonergic inputs and responds directly to 5HT (Figure 4 ). This line projects to R2, R3, and R4d and expresses in about 100 cells. Activation of 5HT7-GAL4 + neurons with either heat or light had no significant effect on total sleep in the experimental genotype compared to controls but increased the number of sleep episodes during the day by over 4-fold ( Figures 5B and S5 ). Similar to the effects of stimulating Trh-GAL4 + neurons, there was a rebound increase in total sleep after activation ceased ( Figures 5B and S5) . The second line identified in the screen was VT038828-GAL4 ( Figure 5D ; Video S2). This line, which we abbreviate as ''VT-GAL4,'' labels a smaller population of 16-18 EB neurons that project only to R2. Activation of VT-GAL4 + neurons had no effect on total sleep compared to controls but significantly increased the number of daytime sleep episodes ( Figures 5E and S6) . Unlike Trh-GAL4 + and 5HT7-GAL4 + neurons, however, there was no sleep rebound following release from activation. These R2 neurons are distinct from the group that was recently shown to influence sleep homeostasis ([44]; data not shown). The underlying parameter that drives fragmentation in both VT-GAL4 + and 5HT7-GAL4 + neurons is P(doze) or sleep drive (Figures 5 , S5, and S6). As was seen with stimulation of Trh-GAL4 + neurons, activation of either group of neurons elevates the probability of transition from the wake to sleep state with almost no change in P(wake). The sleep rebound seen after activation of 5HT7-GAL4 + neurons is associated with a decrease in arousal, or P(wake), mirroring the effects of Trh-GAL4 + neurons. These analyses suggest that these three sets of neurons are affecting the same process to increase sleep fragmentation during their activation and that neither directly affects the arousal system.
An Intra-EB Circuit Controls Sleep Structure
Given that 5HT7-GAL4 + neurons project to R2, R3, and R4d, we asked whether VT-GAL4 + R2 neurons were a subset of the 5HT7-GAL4 + neurons. To do this, we generated a LexA line (VT-LexA) using the promoter fragment present in VT038828-GAL4. This driver largely recapitulates the expression pattern of the VT-GAL4 line, staining all but two of the 16-18 VT-GAL4 + neurons ( Figure S7A ). To our surprise, VT-LexA did not label any of the 5HT7-GAL4 + neurons ( Figure 6A ; Video S3). Consistent with this, the 5HT responsiveness of the VT-GAL4 + cells was much lower than that of the 5HT7-GAL + cells (Figure S7B) . These data indicate that 5HT7-GAL4 + and VT-GAL4 + cells represent two distinct populations of neurons, both of which regulate sleep structure without affecting the amount of sleep.
To test the hypothesis that VT-and 5HT7-GAL4 + neurons are part of the same circuit, we employed active GRASP [46] , a technique that uses reconstitution of holoGFP to determine whether one cell population releases vesicles at synapses that contact a second cell type. Figure 6B shows that when the presynaptic fragment of GFP is expressed in VT-LexA + neurons ( Figure S7C ), synapses with postsynaptic 5HT7-GAL4 + neurons can be visualized. GRASP is present both in the R2 ring and in the lateral triangle. Active GRASP experiments performed with 5HT7-GAL4 as the presynaptic cell and VT-LexA as the postsynaptic partner demonstrate that the connectivity between these two groups is reciprocal ( Figures 6B and S7C) .
To probe the functionality of these connections, we expressed P2X2, an ATP-gated cation channel, in VT-LexA + cells and GCaMP in 5HT7-GAL4 + cells [47] . Application of ATP led to a large decrease in calcium levels in 5HT7-GAL4 + cells compared to controls ( Figure 6C ), suggesting an inhibitory connection. GCaMP signals from VT-LexA + neurons were too dim to reliably assess the ability of activation of 5HT7-GAL4 + neurons to alter their calcium levels.
The EB Fragmentation Circuit Sends Outputs to Multiple Areas
Testing the connectivity of VT-LexA + and 5HT7-GAL4 + neurons with active GRASP and P2X2 indicated that they are part of the same circuit, but these experiments did not provide insight into how they transfer information to the rest of the brain. To determine the outputs of these cell groups, we utilized trans-Tango [48] . This technique allows the identification of all neurons that receive synaptic inputs from a GAL4 population. Figure 7 shows the downstream connections made by VT-GAL4 + and 5HT7-GAL4 + , respectively (Videos S4 and S5).
VT-GAL4 + neurons have a very limited connectivity ( Figures  7A-7E ). Within the EB, VT-GAL4 + neurons make strong synapses with approximately 60 other EB neurons whose morphology suggests the 5HT7-GAL4 + group. This would indicate that the VT-GAL4 + group is connected to over 50% of the 5HT7-GAL4 + neurons. Two to three of the cells in each hemisphere express both markers ( Figure S7D) , indicating a small amount of recurrent connectivity. Outside the EB, VT-GAL4 + cells connect to both FB and protocerebral bridge (PB) cells but do not connect to neurons outside the central complex.
In contrast to VT-GAL4 + , 5HT7-GAL4 + neurons make strong connections within their population (about 60% have both markers, Figures 7F-7J ). They also connect to approximately 25 other EB cells, presumably including most or all of the VT-GAL4 + cells. Like VT-GAL4, 5HT7-GAL4 connects to subsets 
DISCUSSION
A Dedicated Circuit for Regulation of Sleep Structure
In this study, we describe a circuit that regulates of sleep structure without affecting the total amount of sleep. Figure 7K shows a cartoon of the EB sleep structure circuit and its postulated connectivity. 5HT acts to enhance the response of 5HT7-GAL4 + neurons to basally active excitatory inputs. 5HT-dependent calcium signals are blocked by TTX, while its ability to increase cAMP is not (Figures 4C, S4A, and S4B) , supporting the existence of these active excitatory inputs to 5HT7-GAL4 + cells. In contrast, VT-GAL4 + cells do not have basally active excitatory inputs ( Figure S4C ). 5HT modulation of the circuit likely occurs primarily via inputs to 5HT7-GAL4 + neurons since the response of VT-GAL4 + neurons is weaker and lower affinity ( Figure S7B ). Whether there are other, perhaps situationally active, inputs to this circuit is currently unknown. Within the EB the circuit is complex. VT-GAL4 + neurons are functionally connected with the 5HT7-GAL4 + group ( Figure 6B) . VT-GAL4 + neurons provide feedback inhibition to a subset of 5HT7-GAL4 + neurons ( Figures 6C) , which enhances fragmentation, likely via output to non-central complex regions. How inhibition of a subset of the 5HT7-GAL4 + cells acts to modulate the behavioral output of the rest of the population is not yet clear, but we note that many of the 5HT7-GAL4 + cells are GABAergic (data not shown). While all the details of the circuit's complex dynamics remain to be discovered, it is clear that this circuit has a profound and selective effect on sleep architecture.
5HT Is Important for Integration of Sleep with Other Functions in Both Vertebrates and Invertebrates
The circuit we describe is modulated by 5HT, a neurochemical known to be important for regulation of behavioral states in many species. While 5HT in mammals is important in a wide variety of contexts [49] , it was controversial for nearly half a century whether it promoted sleep or wakefulness [10] . In Drosophila, 5HT has only been thought to promote sleep [14] [15] [16] 36] . Our data show that upregulation of serotonergic signaling can also induce sleep fragmentation, suggesting that 5HT's role in sleep in flies exhibits a complexity similar to that of its roles in mammals. The genesis of this apparently conserved complexity may be the extensive involvement of 5HT in non-sleep processes. For an animal in the wild, sleep has inherent risks: predation and loss of opportunities for mating or feeding are just a few. Sleep/wake systems in the brain must control arousal state in collaboration with systems that assess competing needs. 5HT, because it is central to so many critical behavioral circuits, is ideally poised to be an integration point for sleep and the general state of the animal. The diverse, circuit-specific, roles in sleep that 5HT exhibits across phyla may be a result of its ubiquity.
The role we have uncovered for 5HT as a regulator of sleep architecture aligns well with this idea. The daily neuronal activity profile reported by Tric-LUC [24] in sleep fragmentation-generating neurons maps to dawn and dusk, when crepuscular organisms such as fruit flies are most active. Fragmentation of sleep at these times would presumably be beneficial since flies would not enter into deep sleep states at times when they should be feeding and mating. Interestingly, the circuit we describe accomplishes this feat by increasing P(doze), leaving the scaling of P(wake), a parameter associated with dopamine and arousal [2] , free to be modulated by other factors (e.g., danger from predation, appearance of potential mates). The fact that long sleep bouts can be prevented without putting the animal into a hyperaroused state is advantageous, allowing flexible responsiveness to changing conditions. The involvement of P(Doze), a parameter associated with sleep drive, is also congruent with the sleep-promoting role of 5HT in other brain regions.
Sleep Consolidation Has a Critical Function
While controlled sleep fragmentation appears to assist in active period behavior, there is also a need for consolidated sleep. In both mammals and Drosophila, sleep has electrophysiologically distinct substrates with progressively higher arousal thresholds that appear in an ordered fashion during a sleep episode [2, 22, 50, 51] . The deeper sleep stages in mammals, REM and slow wave sleep, are strongly associated with maintenance of cognitive function (for review, see [52] ). Fragmentation of sleep, because it truncates sleep episodes before deeper stages are reached, can result in a selective deprivation of deep sleep stages even when total sleep is not changed. In this study, we demonstrate that decreasing sleep consolidation, without changing the amount of sleep, can disrupt associative learning. These results suggest that in Drosophila, like in mammals, there are time-dependent changes in the depth of sleep that are important for its beneficial effects. This idea is also supported by modeling and analysis of the structure of fly sleep, which indicate that there are time-dependent changes in the probability of sleep-wake transitions consistent with the existence of deep sleep stages that are only accessed in long sleep episodes [2] .
Fragmentation of sleep induced by activation of 5HT inputs to the EB also produced an increase in sleep after the activation was terminated. Excess sleep in the recovery day after a perturbation is a hallmark of a homeostatic process. Homeostatic regulation of total sleep time has been previously demonstrated in Drosophila [12, 13] , but our data suggest that there is also homeostatic regulation of sleep quality. In mammals, individual sleep substates have been demonstrated to be homeostatically regulated-selective deprivation of REM or slow wave sleep, in the absence of loss of total sleep time, drive rebound increases of the deprived stage [53, 54] and mechanical sleep fragmentation has been shown to lead to an increase in total sleep [30] . The ability of the EB circuit we describe in Drosophila to selectively modulate sleep structure, without changing the total amount of sleep, has allowed us for the first time to selectively probe the cognitive importance of long sleep bouts and deep sleep stages in the fly. The fact that fragmentation triggers rebound sleep implies that these long sleep bouts may also be important for the general health benefits of sleep.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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The VT038828-LexA transgenic line was based on VT038828-GAL4. The 2285 bp promoter fragment was amplified from genomic DNA of wild-type flies using the same primers as used for VT038828-GAL4 (forward primer 5 0 -AGTTTTTCCCATTTCCCATCAA CAAAA-3 0 and reverse primer 5 0 -CCGGAGGACCCCAGGACTATGTCTAC-3 0 ). This fragment was then cloned into plasmid pBPnlsLexA::p65Uw (Addgene Cat. #26230) using FseI and AatII restriction sites. The sequence was confirmed by sequencing using primers as follow: forward 5 0 -CAGGGTTATTGTCTCATGAGCGGATAC-3 0 and reverse 5 0 -ACGTCTGCTCGGCTCGAACATT CATTC-3 0 . The plasmid was inserted into a VK00027 site using PhiC31 mediated recombination (Rainbow Inc.).
METHOD DETAILS
Behavioral analysis
Sleep assay Newly enclosed flies were raised in standard vials, and mating was allowed to happen freely in vials. Flies were 2-5 day old at the start of each experiment. Individuals were placed into 65 mm x 5 mm glass. All sleep tubes contained 2% agarose with 5% sucrose food. Flies were entrained at 25 C in 12 h: 12 h light/dark (LD) conditions for 2-3 days. Activity was then recorded for 2 days in LD then switched to constant darkness (DD) for another 2 days (data not shown). For experiments with dTrpA1-activation, after the entrainment at 21 C for 2-3 days, we collected the following 1 day data as baseline, and elevated the temperature to 27 C (or 30 C for EB lines) for 1 day to activate the neurons expressing the dTrpA1, then shifted the temperature back to 21 C for another day to test if the effects are reversible. For experiments with Chrimson-activation, after entrainment at 25 C for 2-3 days, we collected one day as ''Baseline,'' then applied a red LED stimulus with 5 s on and 5 s off for 24 h to activate the neurons expressing the mtdTomato-tagged Chrimson, labeled as ''Red Light On.'' After we turned off the red LED stimulus, data for the next day is labeled as ''Recovery Day.'' For drug administration in dTrpA1-activation experiments with gaboxadol (THIP) (Sigma Cat. No. T101), a direct-acting GABA A agonist which has been shown to be effective for the treatment of insomnia, 1mg/ml or 0.1 mg/ml was applied on the day when serotonergic neurons were activated from ZT0. For drug administration experiments with SB258719 (Tocris bioscience Cat. No. 2726, Bristol, UK), a highly selective antagonist at mammalian 5HT7 receptors, 1 mM drug in the sleep food was applied. CS wild-type flies were employed. Four days of sleep data in LD conditions after the loading day were obtained and presented to assess the drug effect.
Learning assay
The conditioning protocol was as described previously (Aso et al., 2010). A group of 50 flies in a training tube alternately received 10% octan-3-ol (OCT; Merck) and 10% 4-methylcyclohexanol (MCH; Sigma-Aldrich) for 1 min in a constant air stream for immediate memory. For electric-shock induced memory, flies were loaded into shock tubes where one odor was presented with shock (1.25 s of 90 V shock every 5 s, 12 shocks in a minute) and the other odor was presented without shock. After a given retention time (2 min), the trained flies were allowed to choose between OCT and MCH for 2 min in a T-maze. A performance index was calculated by subtracting the number of flies choosing the unpaired odor from the number of flies choosing the conditioned odor divided by the total number of flies who chose an odor. A learning index was then calculated by taking the mean performance indices of the two reciprocally trained groups. Half of the trained groups received reinforcement together with the first presented odor and the other half with the second odor to cancel the effect of the order of reinforcement. To examine the fragmented effect on learning ability, flies were moved to 30 C incubator from 18 C incubator for 24 h prior to the conditioning or flies were trained and tested at 22 C with or without drug. Training and testing sessions were performed in a 65% relative humidity behavioral room at 22 C.
Calculation of relative sleep changes
The behavioral patterns of individual flies were monitored using the DAM (Drosophila Activity Monitor) system (Trikinetics, Waltham). Sleep parameters were analyzed using an in-house MATLAB program described preciously [62] from averages of 2 days of LD data in most experiments. Sleep manipulation (activation of neurons with dTrpA1) was carried out for 1 day. Total sleep, number of sleep episodes, max episode length, and activity while awake were analyzed for 12 h light and dark periods (LP and DP). In addition to analyzing the raw daily data, to control for the effect on sleep from elevated temperature, the sleep changes (DSleep) during and/or after manipulation were calculated for analysis where sleep was normalized to its baseline day sleep (DSleep = sleep on manipulation/recovery day -sleep on baseline day). Sleep episode data was pooled within experimental groups to calculate the empirical cumulative distribution function of episode duration. Based on a pilot analysis of baseline sleep cumulative distribution functions, sleep episodes were separated into ''short'' and ''long'' using a 200 minute threshold. The percentage of flies that at least one long episode, and the total duration of all long episodes performed by each fly was calculated. The binomial standard error is reported for the percentage of flies with a long sleep episode, defined as (square root(b px(1-b p))/n, where b p is the proportion of flies with a long episode and n is the number of flies.
Immunohistochemistry
Immunolabelling was done with a standard protocol. Briefly, brains were dissected in ice-cold PBS and fixed in 4% paraformaldehyde (vol/vol) on ice for 1 hr. Brains were incubated in PBS containing 0.5% Triton X-100, 10% NGS, primary antibodies over two nights and secondary antibodies for one night each with 3 3 5 min washes between each incubation. Frontal optical sections of whole-mount brains using Vectashield (Vector Laboratories, Inc. Cat. No. H-1000) were visualized by a Leica TCS SP5 confocal microscope with a 40x oil objective lens. Primary antibodies were used as follows: mouse anti-GFP (1:200, Roche Applied Science Cat. No. 11814460001), rabbit anti-GFP (1:1000, Invitrogen Cat. No. A-11122), rabbit anti-serotonin (1:1000, Sigma Cat. No.
